Respiratory metabolism plays an important role in energy production in the form of ATP in all aerobically growing cells. However, a limitation in respiratory capacity results in overflow metabolism, leading to the formation of byproducts, a phenomenon known as ''overflow metabolism'' or ''the Crabtree effect.'' The yeast Saccharomyces cerevisiae has served as an important model organism for studying the Crabtree effect. When subjected to increasing glycolytic fluxes under aerobic conditions, there is a threshold value of the glucose uptake rate at which the metabolism shifts from purely respiratory to mixed respiratory and fermentative. It is well known that glucose repression of respiratory pathways occurs at high glycolytic fluxes, resulting in a decrease in respiratory capacity. Despite many years of detailed studies on this subject, it is not known whether the onset of the Crabtree effect is due to limited respiratory capacity or is caused by glucose-mediated repression of respiration. When respiration in S. cerevisiae was increased by introducing a heterologous alternative oxidase, we observed reduced aerobic ethanol formation. In contrast, increasing nonrespiratory NADH oxidation by overexpression of a water-forming NADH oxidase reduced aerobic glycerol formation. The metabolic response to elevated alternative oxidase occurred predominantly in the mitochondria, whereas NADH oxidase affected genes that catalyze cytosolic reactions. Moreover, NADH oxidase restored the deficiency of cytosolic NADH dehydrogenases in S. cerevisiae. These results indicate that NADH oxidase localizes in the cytosol, whereas alternative oxidase is directed to the mitochondria.
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alternative oxidase ͉ Crabtree effect ͉ NADH oxidase ͉ redox metabolism R edox homeostasis is a fundamental requirement for sustained metabolism and growth in all biological systems. The intracellular redox potential is primarily determined by the NADH/NAD ratio and to a lesser extent by the NADPH/NADP ratio. In Saccharomyces cerevisiae, Ͼ200 reactions involve these cofactors spread over a large spectrum of cellular functions (1) . Because NADH is a highly connected metabolite in the metabolic network (1) , any change in the NADH/NAD ratio leads to widespread changes in metabolism (2) . NADH is generated primarily in the cytosol by glycolysis and in the mitochondria by the tricarboxylic acid (TCA) cycle. Because the NADH/NAD redox couple cannot traverse the mitochondrial membrane in S. cerevisiae and other eukaryotic cells (3) , distinct mechanisms oxidize NADH to NAD in the cytosol and mitochondria. Cytosolic NADH is oxidized by two external (cytosolic) mitochondrial membrane-bound NADH dehydrogenases encoded by NDE1 and NDE2 genes with catalytic sites facing the cytosol (4) . Additionally, glycerol-3-phosphate dehydrogenases (encoded by GPD1 and GPD2) oxidize cytosolic NADH with concomitant glycerol formation when the NADH formation rate surpasses its oxidation rate (5) . Mitochondrial NADH is oxidized by one internal mitochondrial membrane-bound NADH dehydrogenase encoded by NDI1 (6) .
In many eukaryotic cells, including S. cerevisiae, there is complete respiratory metabolism at low glycolytic fluxes, whereas higher glycolytic fluxes result in overflow metabolism leading to the formation of byproducts. In S. cerevisiae, overflow metabolism begins when the specific glucose uptake rate (or the glycolytic flux) exceeds a threshold rate, and the result is the formation of ethanol and glycerol (7) (8) (9) (10) . One hypothesis is that this overflow is due to a limitation in capacity of the respiratory pathways (8, 11) . The generation of glycolytic NADH beyond the cellular capacity for its oxidation leads to reduced conditions and ultimately reduced coproducts like ethanol and glycerol. Because the fermentative pathways leading to ethanol generate less ATP than the respiratory pathway, cells respond by increasing the glycolytic flux to meet the ATP demand (12) , and this may further induce overflow metabolism. Despite many years of study, it is not known whether the Crabtree effect is triggered by a limitation in respiratory capacity, by the onset of glucose repression of the respiratory metabolism, or simply by an overflow metabolism at the pyruvate branchpoint.
Aerobic ethanol and glycerol generation is a ramification of the different capacities of the fermentative and respiratory pathways (7, 13, 14) . Glycerol is generated to reoxidize surplus cytosolic NADH that is formed in glycolysis (15, 16) . Because rapid consumption of glucose could lead to the accumulation of NADH, decreasing NADH accumulation by elevating either the rate of respiration or the direct oxidation of NADH is a logical approach to reduce overflow metabolism in S. cerevisiae. A previous effort to reduce overflow metabolism in S. cerevisiae by manipulating redox balance included deleting GDH1 (encoding cytosolic NADPH-dependent glutamate dehydrogenase), which slightly reduced glycerol formation (17) . The combined overexpression of malic enzyme and pyruvate carboxylase resulted in increased NADPH formation at the expense of NADH and ATP formation, but there was no effect on overflow metabolism (18) . These results suggest that NADP(H) has a minor role in controlling overflow metabolism in S. cerevisiae. We therefore increased the direct oxidation of NADH by using two approaches: (i) overexpressing a water-forming NADH oxidase encoded by the Streptococcus pneumoniae nox gene (19) and (ii) increasing respiration by overexpressing an alternative oxidase encoded by the Histoplasma capsulatum AOX1 gene (20) . The alternative NADH oxidase decouples the use of NADH for respiratory energy generation by using molecular oxygen to convert NADH to NAD (19) . The alternative oxidase mediates the cyanideresistant, NADH-dependent transport of electrons from the ubiquinone pool to oxygen in many yeasts (21) and is uncoupled with proton translocation (22, 23) . By studying the impact of these two oxidases on overflow metabolism in S. cerevisiae and by mapping the physiological and transcriptional responses to these perturbations in the redox metabolism, we demonstrate that the Crabtree effect in S. cerevisiae is a consequence of a limited respiratory capacity and suggest means to overcome it.
Results
Batch Responses to Engineering Redox Balance. Batch culture growth was compared for the control strain (CON), for the strain overexpressing NADH oxidase (NOX), and for the strain overexpressing alternative oxidase (AOX). The maximum specific growth rate ( max ) for NOX was 10% lower than for CON, but AOX grew at a rate indistinguishable from CON (Table 1) . However, byproduct formation differed between the strains. The ethanol yield and specific productivity were similar for CON and NOX but were Ϸ70% lower for AOX. In contrast, glycerol yield and specific productivity were similar for CON and AOX but were 6-fold lower for NOX (Table 1) . Clearly, in batch cultures the NADH oxidase influences glycerol generation, whereas the alternative oxidase affects ethanol generation. Aerobic glycerol generation in S. cerevisiae results from excess NADH in the cytosol (15, 16) .
Normally, cytosolic NADH in S. cerevisiae is oxidized by two external (cytosolic) NADH dehydrogenases, encoded by NDE1 and NDE2 (4), or electrons are shuttled to the mitochondria by the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) shuttle involving GUT2 (24) . To confirm that reduced glycerol formation in NOX is due to elevated oxidation of cytosolic NADH by NADH oxidase, glycerol generation in a triple deletion mutant ⌬⌬⌬ (nde1⌬ nde2⌬ gut2⌬) with and without the nox gene was compared. The glycerol yield and the specific glycerol production for ⌬⌬⌬ were Ͼ4-fold greater than with CON, whereas for ⌬⌬⌬-NOX, glycerol production was close to the levels observed for NOX (Table 1) . Interestingly, ⌬⌬⌬ also exhibited low ethanol generation, but ⌬⌬⌬-NOX generated ethanol at a level similar to CON (Table 1) .
Steady-State Responses to Engineering Redox Balance. Steady-state cultivations permitted comparative analysis of metabolic characteristics between strains at identical specific growth rates. The metabolism of CON, NOX, and AOX at a specific growth rate (dilution rate) of 0.1 h Ϫ1 , using glucose (carbon) or ammonium (nitrogen) as limiting nutrients, was studied. Under carbon limitation, the biomass yield was 10% lower for NOX and 5% lower for AOX compared with CON ( Table 2 ). The presence of NADH oxidase or alternative oxidase increased the specific uptake rate of glucose (r S ) and oxygen (r O 2 ), reflecting faster glucose oxidation and subsequent metabolism. The specific CO 2 evolution rate (r CO 2 ) also was higher for NOX and AOX than in CON (Table 2) .
Nitrogen-limited chemostats allowed steady-state study of the strains under glucose-repressing conditions. These typically respirofermentative conditions were accompanied by the production of ethanol and glycerol, neither of which was produced in the carbonlimited cultures at this low dilution rate. In the presence of NADH oxidase or alternative oxidase, the values of r S and r O 2 were both greater, reflecting higher rates of glucose oxidation. Similar to results for the batch conditions, the specific ethanol production rate was elevated for AOX but only slightly for NOX, whereas NOX produced 80% less glycerol ( Table 2 ). The r O 2 was 20% greater and the r CO 2 was 40% greater for both NOX and AOX compared with CON under nitrogen-limiting conditions.
Effect of Engineering the Redox Balance on the Critical Dilution Rate.
Steady-state experiments at a low dilution rate of 0.1 h Ϫ1 under nitrogen limitation demonstrated that NADH oxidase or alternative oxidase affects the formation of ethanol and glycerol. The significant differences prompted us to determine the critical dilution rate (D crit ) for each strain under carbon limitation (the specific glucose uptake rate at the critical dilution rate represents the glycolytic flux at the onset of overflow metabolism). There was no significant difference in D crit for CON (mean Ϯ standard deviation; 0.29 Ϯ 0.01 h Ϫ1 ) and NOX (0.27 Ϯ 0.02 h Ϫ1 ). However, the D crit for AOX was 0.32 Ϯ 0.007 h Ϫ1 , a 10% increase compared with CON. The increase in the D crit indicates higher respiratory capacity of S. cerevisiae in the presence of the alternative oxidase.
The three strains were each grown at a specific growth rate slightly lower than the respective D crit to ensure completely respiratory conditions (Table 2) . At this dilution rate, physiological differences between the three strains were more evident than at the dilution rate of 0.1 h Ϫ1 . Compared with the lower dilution rate, NOX exhibited a 14% lower biomass, whereas biomass for CON and AOX was only 7% lower. Moreover, the values of r S , r O 2 , and r CO 2 were 3-fold greater for CON and almost 3.5-fold greater for NOX and AOX compared with a dilution rate of 0.1 h Ϫ1 . The presence of either of the oxidases increased the capacity of NADH oxidation by 25%, as reflected in the increase in the value of r S and r O 2 ( Table 2) . All values were calculated in batch culture during exponential growth phase on glucose, identified by the linear relationship between the natural logarithm of biomass and culture time. The values represent the averages from two independent chemostats; the standard deviation is given in parentheses. ND, not detected. *The uptake and generation rates are given in mmol/g dry cell weight per hour. † Calculated as the biomass formed (in grams) for 1 g of glucose consumed.
Enzymatic Analysis of the Response to Engineering Redox Balance.
Because physiological changes in response to the introduction of NADH oxidase or alternative oxidase occurred in glycerol and ethanol production, the activities of key redox-dependent enzymes (glycerol-3-phosphate dehydrogenase, G3PDH; alcohol dehydrogenase, ADH; and isocitrate dehydrogenase, ICDH) were measured under carbon limitation at a dilution rate of 0.1 h Ϫ1 and at the D crit for CON, NOX, and AOX. An important difference observed was that generally the activities of cytosolic G3PDH and ADH were greater at D crit , whereas the activity of mitochondrial ICDH was greater at a dilution rate of 0.1 h Ϫ1 (Fig. 1) . Moreover, the enzyme activities followed the product formation profile in the three strains at D crit . G3PDH activity was 60% lower in NOX and 16% lower in AOX than in CON and correlated with the observation that glycerol production was lowest in NOX. ADH activity was lower for both NOX and AOX compared with CON, whereas ICDH activity was 60% greater for NOX and doubled for AOX (Fig. 1) .
The NADH oxidation capacity and the intracellular NADH and NAD concentrations at steady state were also measured. The assay for determining NADH oxidation is not specific for NADH oxidase or alternative oxidase and includes native activity that S. cerevisiae possesses (e.g., NADH dehydrogenases). Under carbon limitation, this basal level of total NADH oxidation in CON was almost twice as high at D crit compared with a dilution rate of 0.1 h Ϫ1 . However, under nitrogen limitation this basal level was 50% lower (Fig. 2A) . NOX and AOX consistently exhibited greater NADH oxidation activity than CON under all conditions. Interestingly, unlike in CON, the activity was not lower under nitrogen limitation in NOX and AOX (Fig. 2 A) . Generally, the intracellular concentrations of NADH and NAD correlated with the total NADH oxidation activity. Specifically, for either carbon-limited or nitrogen-limited conditions, the NADH/NAD ratio was 20-50% lower for NOX and AOX than for CON (Fig. 2B) .
Transcription-Based Identification of Metabolic Modules. The genome-wide transcription response of CON, NOX, and AOX correlated with the physiological changes observed at D crit . When the three strains were grown in duplicate cultures at dilution rates just below their respective D crit (Table 3) , 229 genes (for NOX) and 389 genes (for AOX) exhibited differential expression compared with CON (P Ͻ 0.01). The products of the genes exhibiting differential expression in NOX and AOX relative to CON had functions that included carbohydrate metabolism, amino acid biosynthesis, and stress response. The transcriptional changes were superimposed on the metabolic network to identify metabolic units that changed in response to the overexpression of the two oxidases. By using an algorithm that detects metabolic modules based on biologically significant changes in gene expression (25) , ''reporter metabolites'' were identified around which significant coordinated gene expression changes occur. The top reporter metabolites were cytosolic NAD(H) in NOX and mitochondrial NAD(H) in AOX (Table 3) . Additionally, several key metabolites in glycerol synthesis, fatty acid metabolism, and amino acid transport were also significantly affected in NOX. For alternative oxidase overexpression, several metabolites belonging to mitochondrial processes such as the TCA cycle, respiration, and acetaldehyde metabolism were affected (Table 3) . Differences in the localization of the reporter metabolites clearly indicate compartment-specific functionality of the two oxidases: NADH oxidase predominantly affects the cytosol, and alternative oxidase is active in the mitochondria. To further analyze the transcription results, the genome-scale model of S. cerevisiae (1) was expressed as an enzyme-interaction graph on which enzymes were represented as nodes, with the common metabolites connecting the nodes. The metabolic modules that had the highest score of interaction (after correcting for background distribution) indicate the metabolic subnetwork in which maximal transcriptional differences occurred. In general, the overexpression of NADH oxidase caused up-regulation of genes whose products catalyze the synthesis of NADH in the cytosol. For example, the induction of genes involved in the synthesis of NADH via the formate dehydrogenase pathway was observed, but significant reduction was noted in the glycerol and ethanol synthesis pathways (Fig. 3) . The glycerol assimilation pathway, involving the GUT1 and GUT2 genes, was up-regulated, whereas the synthesis pathway was down-regulated upon overexpression of NADH oxidase. Interestingly, the conversion of acetaldehyde to ethanol was down-regulated, whereas the conversion of acetaldehyde to acetate was stimulated (Fig. 3) . Genes in the native pathway for NADH oxidation were severely down-regulated, suggesting higher affinity of bacterial NADH oxidase toward NADH than toward the two native NADH dehydrogenases. In contrast to NADH oxidase, the overexpression of the alternative oxidase had more pronounced effects in the mitochondria (Fig. 4) . Several genes in the TCA cycle and in mitochondrial processes were significantly up-regulated. Furthermore, genes involved in ethanol generation from acetaldehyde (ADH1, ADH2, and ADH3) were down-regulated. Alternative oxidase overexpression down-regulated genes in the glyoxylate shunt and fatty acid oxidation pathway. The native NADH oxidation pathway in S. cerevisiae, mediated by the NDI1 gene, was down-regulated in the presence of alternative oxidase. Gluconeogenesis genes were generally down-regulated when either of the oxidases was overexpressed.
Discussion
To gain insight into the molecular processes underlying the Crabtree effect in S. cerevisiae, we studied the metabolic and transcriptional responses to the overexpression of either NADH oxidase or alternative oxidase. NADH oxidase mediates the nonrespiratory dissipation of NADH, whereas alternative oxidase recruits parts of the respiratory system in the transfer of electrons from NADH to oxygen. In general, physiological differences due to overexpression of either of the oxidases were more prominent at D crit , because at lower dilution rates (0.1 h Ϫ1 ) there is no overflow and presumably no ''excess'' NADH. The reduction in biomass yield as a result of overexpression of either of the oxidases is likely due to increased energy dissipation. Neither of the enzymes is coupled with proton translocation, and each therefore dissipates free energy captured in NADH which might otherwise have been available for oxidative phosphorylation. Neither NADH oxidase nor alternative oxidase was repressed by glucose, as indicated by the high activity for NOX and AOX in the presence of excess glucose (Fig. 2) . Given that native S. cerevisiae genes involved in respiration are repressed by glucose (26) , these two heterologous oxidases offer a potential solution to maintaining high respiratory capacity even in the presence of high glucose concentrations.
NADH oxidase primarily impacted glycerol production, whereas alternative oxidase affected ethanol production. Normally, cytosolic NADH is reoxidized by two external (cytosolic) NADH dehydrogenases, (15, 16) , and when glycolytic NADH generation surpasses the rate at which these dehydrogenases can act, S. cerevisiae activates the glycerol synthesis pathway as another outlet for NADH consumption (24, 27) . The reduced glycerol generation in NOX in batch (Table 1) and continuous (Table 2 ) cultures, as well as the Fig. 3 . Analysis of transcription responses of NOX vs. CON superimposed on the metabolic network, as described previously (25) . Shown are the key enzymes that were identified in the central metabolism as part of the subnetwork. Genes that were up-regulated are indicated in red; those that were down-regulated are indicated in green. Fig. 4 . Analysis of transcription responses of AOX vs. CON superimposed on the metabolic network, as described previously (25) . Shown are the key enzymes that were identified in the central metabolism as part of the subnetwork. Genes that were up-regulated are indicated in red; those that were down-regulated are indicated in green.
reduced G3PDH activity (Fig. 1) , demonstrates that NADH oxidase relieves the need to activate the glycerol pathway. Moreover, the substantially reduced glycerol generation in ⌬⌬⌬-NOX illustrates that bacterial NADH oxidase could functionally replace the native NADH dehydrogenases and is predominantly localized in the cytosol in S. cerevisiae. The cytosolic localization of NADH oxidase was further confirmed by identifying cytosolic NAD(H) as the top reporter metabolite around which a majority of the transcription changes occurred (Table 4) . Furthermore, transcription analysis revealed that GUT1 and GPD1 were up-regulated and GUT2 was down-regulated in NOX relative to CON, suggesting a shift toward glycerol catabolism, compared with glycerol production in CON (Fig. 3) .
Overexpression of alternative oxidase reduced ethanol generation. Transcription analysis revealed that the overexpression of alternative oxidase up-regulated almost every step of the TCA cycle (Fig. 4 ). An increase in TCA cycle activity and amino acid biosynthesis was recently reported from proteome data when the alternative oxidase gene from Hansenula anomala (HaAOX1) was overexpressed in S. cerevisiae (28) . Moreover, the heterologous alternative oxidases from plants expressed in various yeasts were directed to the mitochondria (21, 29) . That the alternative oxidase is present in the mitochondria is illustrated by the identification of mitochondrial NAD(H) and quinones as the top reporter metabolites, as well as several other metabolites of mitochondrial origin around which coordinated transcriptional changes occurred ( Table  3 ). The coordinated transcriptional activity is reflected in the significant transcriptional changes in metabolic subnetworks in the mitochondria in AOX (Fig. 4) .
Aerobic ethanol formation in S. cerevisiae is the result of a limitation in electron transport from NADH to oxygen (9) and is accompanied by reduced activity of glycolytic enzymes phosphoglycerate kinase, enolase, and triosephosphate isomerase (7) and ethanol-assimilating enzymes such as NAD-dependent alcohol dehydrogenase NAD-acetaldehyde dehydrogenase (8) , as well as increased activity of pyruvate decarboxylase (7) . The presence of alternative oxidase increased respiratory capacity by elevating the rate of NADH oxidation and r CO 2 and thereby facilitating greater coupling between glucose oxidation and respiratory pathways. The 2-fold increase at D crit in the activity of NADH-generating ICDH (Fig. 1) , and the up-regulation of several TCA cycle genes (Fig. 4) , demonstrate a greater capacity of the TCA cycle in AOX than with CON. In the absence of alternative oxidase (CON), the activity of ICDH decreased as the specific growth rate approached D crit , an effect likely due to inhibition caused by an increasing NADH/NAD ratio, as observed previously for Yarrowia lipolitica (30) . Allosteric inhibition of pyruvate dehydrogenase (31, 32) and of other key TCA cycle enzymes (ICDH, ␣-ketoglutarate dehydrogenase, and malate dehydrogenase) by NADH (or by the NADH/NAD ratio) restricts the entry of glycolytic carbon from pyruvate into the mitochondria. Under these circumstances, carbon is shunted to acetaldehyde, and subsequently to ethanol, by coordinated action of pyruvate decarboxylase and NAD-dependent aldehyde dehydrogenases, routes that avoid additional NADH accumulation. AOX provided an additional NADH-ubiquinol sink, relieving this restriction in the TCA cycle. The resulting increased capacity of the TCA cycle permitted more glycolytic carbon to enter the TCA cycle and reduced the diversion of carbon to ethanol. Thus, our results clearly show that the onset of overflow metabolism toward ethanol is due to a limited capacity of the respiratory system involved in oxidation of mitochondrial NADH.
Previously it was shown that fusing Hxt7 (a high-affinity hexose transporter) with Hxt1 (a low-affinity hexose transporter) reduced aerobic ethanol generation by modulating r S (33). This fusion not only resulted in decreased r S , but also decreased the specific growth rate. In the present study, we demonstrated that by engineering the redox balance of the cytosol and the mitochondria independently through NADH oxidase and alternative oxidase, it is possible to the control byproduct formation without sacrificing the rate of glucose consumption or specific growth rate. Increased nonrespiratory assimilation of NADH in the cytosol by NADH oxidase leads to reduction in glycerol production. Increased alternative oxidase in the mitochondria reduced ethanol production. The introduction of these two pathways in S. cerevisiae therefore suggests viable metabolic engineering strategies to modulate aerobic byproduct formation.
Materials and Methods
Yeast Strains and Plasmid Construction. The strains and plasmids used in this study are listed in Table 4 . The NADH oxidase gene (nox) from Str. pneumoniae was PCR-amplified with pPANOX7 as template (M.-C. Trombe, Université Paul Sabatier, Toulouse, France) by using the Expand High Fidelity PCR system (Roche Applied Science, Indianapolis, IN). The primers were designed based on the published Str. pneumoniae gene sequence (GenBank Accession no. AF014458) (19) and contained a BamHI site (underlined) in the forward primer, 5Ј-TACGGATCCAGGAG-GAACAGCTATGAGTAAAATCGTTGTAGTCGGTGC-3Ј (the ATG start site is in bold) and a SalI site (underlined) in the reverse primer, 5Ј-ACGGGTCGACTTATTTTTCAGCCGTA-AGGGCAGCCA-3Ј. Similarly, the primers for the H. capsulatum alternative oxidase gene (AOX1) and its flanking regions were designed based on the published gene sequence (GenBank Accession no. AF133236) (20) and contained a NcoI site (underlined) in the forward primer, 5Ј-ATCGCCCCATGGTCAG-CACTGCCATTACTAATACACCTCACTTCC-3Ј and a SacI site (underlined) in the reverse primer, 5Ј-TACTCG-G A G C T C GT T T TGT T TA AGCTGATGCA AT T T T T T-GCCG-3Ј. The plasmid pAOX311 was used as the template (20) . The 1.4-kb nox fragment and the 1.7-kb AOX1 fragment with its flanking regions were gel-isolated, digested with the appropriate restriction enzymes, and ligated into the pYX212 plasmid to construct pYX212-NOX and pYX212-AOX, respectively. These three plasmids were transformed into the host strain, CEN.PK113-5D, and the yeast strains containing these plasmids are designated CON, NOX, and AOX, respectively (Table 4) . The pYX212 and pYX212-NOX plasmids were also transformed into CEN.PK398-12B, and the resulting strains are designated ⌬⌬⌬ and ⌬⌬⌬-NOX (Table 4) .
Media and Growth Conditions. The three strains (CON, NOX, and AOX) were maintained on agar plates made from synthetic complex medium (standard dropout medium) lacking uracil (SC-Ura). The mineral salts medium for batch and chemostat cultivations was prepared as described in ref. Enzyme Activity. Enzyme activity was measured by extracting 10 ml of culture into 35 ml of ice, immediately centrifuging (4,000 ϫ g at 1°C for 1 min), and storing the pellet at Ϫ80°C. For analysis, the pellet was thawed on ice, and cell-free extracts were prepared by lysing cells (Fastprep FP120; Savant Instruments, Farmingdale, NY) (36) . After centrifugation (20,000 ϫ g at 0°C for 20 min), the supernatant was used to determine activity. Total NADH oxidase activity was assayed spectrophometrically at 25°C in 50 mM potassium phosphate buffer (pH 7.0), 0.29 mM NADH, and 0.3 mM EDTA (37) . A unit of activity was the quantity that catalyzed the oxidation of 1 mol of NADH per min. Activities were also determined for NADH-dependent G3PDH (38) , NADH-dependent ADH (8) , and NADdependent ICDH (39) . Protein was quantified by the Bradford method using BSA as a standard.
Quantification of Intracellular NADH/NAD. Metabolism was rapidly quenched by extracting two 10-ml aliquots into 35 ml of methanol, prechilled in a dry ice/ethanol bath. Cells were centrifuged (4,000 ϫ g at Ϫ20°C for 1 min) and immediately resuspended in 0.25 ml of 0.2 M HCl (for NAD) or 0.2 M NaOH (for NADH). These suspensions were boiled for 1 min, and cell debris was removed by centrifugation (5,000 ϫ g for 5 min). The cycling assay (40) containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), phenazine sulfate (PES), yeast ADHII, and ethanol was used to determine the concentrations.
Transcription Analysis. Global gene expression at D crit was measured by growing each strain in duplicate to a steady state slightly below its respective D crit and extracting three 10-ml aliquots into ice. After immediate centrifugation (4,000 ϫ g at 0°C for 1 min), the pellet was frozen in liquid nitrogen and stored at Ϫ80°C. The extraction of mRNA, cDNA synthesis, cRNA synthesis, and labeling, as well as array hybridization to Affymetrix (Santa Clara, CA) Yeast Genome 2.0 arrays were performed as described in ref. 41 . Washing and staining of arrays were performed by using the GeneChip Fluidics Station 400 (Affymetrix) and arrays were scanned with the Affymetrix GeneArray scanner. Data acquisition and quantification of array images, and preliminary data analysis, were performed using Microarray Suite version 4.0.1 (Affymetrix) .
Identification of Redox-Sensitive Metabolic Modules. Arrays were globally scaled to a target value of 500 by using the average signal from all gene features. The microarrays contain probe sets representing 9,335 distinct transcription features. After excluding all probe sets not assigned yORF abbreviations, as identified in the Saccharomyces Genome Database (www.yeastgenome.org), and all probe sets representing groups of genes, already represented as singletons, 5,650 probe sets remained. Student's t test was used to identify genes that changed significantly between CON, NOX, and AOX. Gene expression changes were mapped on the genome-scale metabolic model of S. cerevisiae (1) to identify metabolic hubs, based on transcriptional regulation (25) .
